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The Yb:Y3Al5O12/Y3Al5O12 (Yb:YAG/YAG) composite crystals were prepared by 
thermal bonding method with different technological parameters. The bonding in-
terface of the composite crystals were observed by optical microscope, scanning 
electron microscope, and atom force microscope. The light scattering experiments 
for bonding interface of the composite crystals were measured by the laser and 
transmission spectra. All experiments show that high-quality Yb:YAG/YAG com-
posite crystals without space transition layer and light scattering on the bonding 
interface can be obtained by thermal bonding method under appropriate 
technological param
Yb:YAG/YAG, bonding quality, light scattering, transmission spectra  
1  Introduction 
Recent development of InGaAs laser diode has stimulated interest in Yb3+-doped solid-state ma-
terials used as gain for high-efficiency, high-power diode-pumped solid-state lasers[1]. Among the 
numerous Yb-doped crystals, Yb:Y3Al5O12 (Yb:YAG) is the most promising laser-active medium 
due to small quantum defect (8.6%), no excited state absorption and up-conversion, large absorp-
tion and emission width, long fluorescent lifetime, and excellent physical and chemical properties. 
Especially, Yb:YAG shows high doping level without obvious fluorescence quenching, so it can be 
made into a thin-disk as a laser-active medium which is favorable for compact and miniature laser 
design[2]. There are also some shortcomings when the Yb:YAG thin-disks are used as a laser-active 
 medium. In the laser experiments, only a part of the pump energy is converted into laser radiation, 
the remaining energy is transferred to the host lattice by competing mechanisms such as radia-
tionless transition and absorption, and the laser medium is non-uniformly heated and distorted. As 
a result, lasing efficiency and beam quality are degraded. To avoid the above shortcomings, we 
made Yb:YAG/YAG composite crystals by thermal bonding. The deformation of Yb:YAG 
thin-disk is difficult because YAG acts as a heat sink. So the improvement on laser efficiency and 
beam quality can be achieved using Yb:YAG/YAG composite crystals. 
A composite laser rod in diode-pumped was first made by Onyxoptics company by the thermal 
bonding method in 1991[3], other research groups in England and Japan also studied the composite 
crystals later[4]. Recently, a 1060 W continuous-wave laser output has been obtained by using a Yb: 
YAG/YAG composite slab laser[5]. However, up to now, for the Yb: YAG/YAG composite crystal 
made by thermal bonding method, the technological parameters in manufacturing process, struc-
ture, and bonding quality have not been studied carefully. Obviously, Yb: YAG/YAG composite 
crystal with high quality will be more favourable for laser output. In this paper, Yb:YAG/YAG 
composite crystals were made by thermal bonding method with different technological parameters. 
Structure and bonding quality of the composite crystals were characterized in detail by optical 
microscope, scanning electron microscope, atom force microscope, light scattering and transmis-
sion spectra; the appropriate technological parameters were obtained. 
2  Experiment 
2.1  Crystal growth and preparing process of the composite crystals 
The YAG and 0.5 at.%Yb-doping Yb:YAG single crystals were grown along the <111> direction 
by the Czochralski process. More detailed information about the crystal growth process can be 
found in ref. [6]. The YAG and Yb: YAG crystals were 
annealed in oxygen at 1600℃ for 48 h. The samples of 
YAG and Yb: YAG were mechanically polished on two 
<111> sides. The sizes of YAG and Yb: YAG samples 
were about 10 mm×15 mm×2 mm and 10 mm×14 
mm×3.5 mm, respectively. The accuracy parameter of 
two sides was smooth finish 10/5, flatness N < λ/10 (λ= 
632.8 nm) and depth of parallelism <10″ after polishing 
treatment. Then, the samples were chemically polished at 
room temperature by using the mixed liquid of H2SO4 and 
H2O2.  
 
Figure 1  Process of preparing Yb: YAG/YAG 
composite crystal by the thermal bonding method. 
The composite crystals were made by the thermal 
bonding[7]. The process of the thermal bonding was as 
follows: the YAG and Yb: YAG crystals were ultrasoni-
cally cleaned in the mixed liquid of ethanol and acetone, 
deionized water, successively. And they were preheated 
to remove any adsorbed water or gas. Then the polished 
surface of the YAG and Yb: YAG were contacted and 
held together by Van der Waals attraction. After that, the 
composite crystal was sintered at a certain temperature  
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 for certain time and at the same time the surface of the composite crystal was pressed under a 
certain pressure to strengthen the bonding between YAG and Yb: YAG. At last, the composite 
crystal was cooled at a sufficiently slow rate. The thermal bonding process should be performed 
under such ambient conditions as in a clean room or in vacuum or in inactive gas. Figure 1 shows 
the thermal bonding process.  
To obtain the appropriate preparing technology, the Yb: YAG/YAG composite crystals were 
prepared under different technological parameters, such as chemical polishing or not, different 
sintering temperature and different pressure loaded on the surface. Figure 2 shows two typical 
composite crystals and Table 1 lists the typical technological parameters. 
 
Figure 2  Photographs of the Yb: YAG/YAG composite crystals (a) Sample 1, (b) Sample 2. 
 
Table 1  Typical technological parameters of preparing composite crystal 
Sample Chemical polishing on crystal surface (Yes/No) 
Pressure loading on the  
surface (Pa) 
Sintering  
temperature(℃) 
1 no 37500 1300 
2 yes 113000 1550 
 
2.2  Observation experiments on the bonding interface of the composite crystals 
The composite crystals were cut off to expose the bonding interface. The bonding interface of the 
composite crystals was characterized by a Leitz optical microscope, a JSM-6301F type scanning 
electron microscope (SEM), and a SPA-400 type atomic force microscope (AFM) after mechani-
cally polished. 
2.3  Measurements of scattering and transmission spectra for the bonding interface of the 
composite crystals 
The scattering experiments of bonding interface were done by a Coherent Verdi-5 type laser ap-
paratus. The laser wavelength is 532 nm and the output power is 0.5 W. A JASCO V-570 type 
ultraviolet/visible/near-IR spectrophotometer was employed for measuring transmission spectra 
and the range of wavelength is 250―2500 nm. All experiments were done at room temperature.  
3  Results and discussion 
3.1  Analysis of the bonding interface of the composite crystals  
For studying the bonding quality and testing wether the composite crystal is uniform bonding or 
not, we observed the bonding interface of the composite crystals. Figure 3 shows the optical mi-
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 croscope photographs (×157) of two Yb: YAG/YAG composite crystals. It can be observed that 
sample 1 has an obscure bonding line on the bonding interface, which indicates there is a boundary 
between Yb: YAG and YAG crystals. For sample 2, we cannot see the bonding line on the bonding 
interface and its appearance is very uniform, just like one piece of crystal. 
 
Figure 3  Optical microscope photographs of bonding interfaces of Yb: YAG/YAG composite crystals: (a) Sample 1, (b) Sample 2. 
 
As shown in Figures 4 and 5, SEM and AFM were also used to observe the bonding interface of 
the composite crystals clearly. Figure 4(a) shows the bonding interface of the sample 1 and the 
magnification is 10000. We could see that the bonding line which is obscure in Figure 3(a) becomes 
more clearly. It is easy to distinguish Yb:YAG and YAG crystals from Figure 4(a). Figure 4(b) 
shows the bonding interface of sample 2 and the magnification is 10000. It can be observed that the 
whole bonding interface appears uniform and there is no bonding line or space transition layer. 
 
Figure 4  SEM photographs of the bonding interfaces of Yb:YAG/YAG composite crystals: (a) Sample 1, (b) Sample 2. 
 
Figure 5 shows the AFM images of the bonding interfaces. The scanning area was 20 μm×20 μm 
under contact-mode. The bonding interface of sample 1 is shown in Figure 5(a). An apparent 
bonding line on the bonding interface between Yb:YAG and YAG crystals is observed, which is 
similar to the bonding line in Figure 4(a). The depth and the width of the bonding line are about 
66.30 nm and 468.75 nm, respectively. This indicates that there is a slight dehiscence on the edge of 
the bonding interface of sample 1. It is expected that the bonding line will have bad effects on 
optical homogeneity and bonding quality of the composite crystal. Figure 5(b) shows the bonding 
interface of sample 2. Similar with Figure 4(b), there is no bonding line or space transition layer. 
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Figure 5  AFM images of the bonding interfaces of Yb:YAG/YAG composite crystals: (a) Sample 1,  (b) Sample 2. 
 
According to above experiments and analysis, the bonding quality of sample 2 is better than that 
of sample 1. The polishing treatment and sintering temperature and pressure loaded on samples all 
have great effects on the bonding quality of the composite crystals. The high-quality composite 
crystal without space transition layer (bonding line) can be obtained by choosing appropriate 
technological parameters as shown in Table 1. 
3.2  Study on the scattering of the bonding interface of the composite crystals  
The scattering on the bonding interface has a bad effect on the quality of composite crystals. If 
there is scattering on the bonding interface, a part of incident light will lost on the bonding interface 
and the absorption of gain medium will reduce. As a result, the pumping threshold will increase. 
Therefore, the high bonding quality of composite crystals is very important in laser experiments. 
Scattering phenomenon will occur if the medium is non-homogeneous such as there is hetero-
plasmon in the medium or the refractive index of the medium is not uniform. In this work, the 
composite crystals were made of 0.5at.% Yb:YAG and YAG single crystals. Because the Yb 
doping concentration in Yb:YAG is very low, the refractive index of 0.5at.% Yb:YAG is nearly 
the same as that of YAG. Therefore, it is expected that there is no scattering on the bonding inter-
face of Yb:YAG/YAG composite crystals if the bonding quality is good enough. In this work, the 
scattering of bonding interface of sample 1 and sample 2 were studied.  
3.2.1  Tyndall scattering.  The laser with the wavelength of 532 nm traversed the composite 
crystals. As shown in Figure 6(a), there is an interface scattering on the bonding interface of sample 
1, the bonding line between Yb:YAG and YAG is apparent, and it can be obviously observed that 
the composite crystal is made up of two pieces of crystals. However, as shown in Figure 6(b), there 
is no interface scattering on the bonding interface of sample 2, the bonding line can not be observed, 
and sample 2 looks like one piece of crystal. According to the Tyndall scattering theory of light, if 
the size of heteroplasmon in medium is nearly identical with the wavelength of incident light, the 
strong scattering phenomenon occurs when the medium is irradiated by light[8]. According to the 
AFM image in Figure 5(a), the width of the bonding line is 468.75 nm and is nearly identical with 
the laser wavelength. Therefore, the Tyndall scattering was observed on the bonding interface. 
Furthermore, the wavelength of scattering light was not changed in Tyndall scattering, so when the 
incident light was green light, the scattering light was green too. According to the AFM image as 
shown in Figure 5(b), there is no bonding line on the bonding interface, and two pieces of crystals  
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Figure 6  Tyndall scattering images of bonding interfaces of Yb:YAG/YAG composite crystals: (a) Sample 1; (b) Sample 2. 
 
were bonded completely. Since there is no space transition layer, the refractive index will not 
change on the bonding interface. So there is no Tyndall scattering on the bonding interface of 
sample 2, which can be observed in Figure 6(b). We can further conclude that the bonding quality 
of sample 2 is better than that of sample 1. 
3.2.2  Transmission spectra and Rayleigh scattering.  The transmission spectra of sample 1, 
sample 2 and an Yb:YAG crystal were measured. As shown in Figure 7, the characteristic ab-
sorption band of Yb3+ ion appear in the 900―1050 nm spectral range for all the three samples. 
Transmission of sample 2 is obviously higher than that of sample 1, especially on the ultraviolet 
and visible bands. The transmission of sample 1 is about 60% at 600 nm, however, the transmission 
of sample 2 reaches 80%. On the other hand, the transmission spectra shape of sample 1 is obvi-
ously gradient but it is approximately horizontal for sample 2. The crystals used for preparing 
samples 1 and 2 are high-quality crystals without scattering particles. Since there is a great dif-
ference on the shapes of transmission spectra of samples 1 and 2, a great difference on the bonding 
qualities of samples 1 and 2 can be further concluded. We think the gradient shape of transmission 
spectra of sample 1 is due to the Rayleigh scattering on the bonding interface[9]. The condition of 
Rayleigh scattering is the radius of particle r  λ. The scattering formula is as follows:  ?
 s 4
1~I λ  (1) 
where Is is the intensity of scattering light, and λ is wavelength of light. 
 
Figure 7  Transmission spectra of Yb:YAG crystal and Yb:YAG/YAG composite crystals. 
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 According to the formula, with the increase of the wavelength of light, the intensity of the 
Rayleigh scattering light decreases, which means the transmission increases. The gradient shape of 
transmission spectra of sample 1 coincides with the theory of Rayleigh scattering, therefore, we 
think that Rayleigh scattering exists on the bonding interface, and may be caused from the mi-
cro-defects on the bonding interface. The bonding quality of sample 2 is very good according to 
Figures 3―6. There is no obvious Rayleigh scattering because the shape of transmission spectra of 
sample 2 is nearly horizontal, which further proves that the bonding quality of sample 2 is really 
very high. 
4  Conclusion 
The Yb:YAG/YAG composite crystals were prepared by the thermal bonding method. Different 
technological parameters including surface treatment, sintering temperature and pressure loaded on 
the surface were used. Structure and bonding quality of two typical composite crystals were 
characterized by optical microscope, SEM, AFM and transmission spectra. All experimental re-
sults show that obvious bonding interface and light scattering exists in sample 1 but not in sample 2, 
which indicates that high-quality Yb:YAG/ YAG composite crystal without space transition layer 
and light scattering can be obtained by the thermal bonding method under appropriate techno-
logical parameters. The laser experiments of composite crystals are under studied. 
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